Pipe bombs are crudely constructed improvized explosive devices which are easily made at home. They are increasingly used by terrorists and others, and may inflict serious injuries and cause death. Four fatalities have occurred in association with their use in Northern Ireland between 1998 and 2002. In 2 cases, death was due to penetrating shrapnel injuries to the chest causing laceration of the great vessels, and a third fatality occurred due to a bomb fragment penetrating the cranial cavity. A pipe bomb exploded close to the back of the head of a fourth victim and this was associated with a severe brain injury. The pathologist was able to determine the position of the victim in relation to the explosion by interpreting the pattern of injuries. It seems likely that 2 of the victims had been involved in the construction, transport, or use of the devices. A third victim was entirely innocent and had been in the process of removing a pipe bomb, which had been thrown through the window of her home, when it exploded. The fourth victim was a member of the security forces who had been struck by a bomb fragment, in the region of the right eye, during a period of sectarian unrest.
P ipe bombs are crude improvized explosive devices which are easily assembled from readily obtainable materials. Details on their construction are freely available on the Internet. The simplicity with which they may be employed has led to increasing use by terrorists, rioters, and others. They have also been used as an unusual method of committing suicide. 1, 2 Despite the absence of sophistication, these devices are nonetheless capable of inflicting severe injury and causing death. 3 Northern Ireland is a region of the United Kingdom with a population of approximately 1.6 million. It has a long history of civil disturbance and terrorist violence. Recently, hostility by the major paramilitary groups has ceased but low level violence by "splinter" factions has continued. During the years 2001 to 2003 inclusive, there were around 250 explosions caused by pipe bombs and a further 215 devices were defused by army technical officers. Approximately 104 injuries of varying severity are recorded in association with their detonation during this time period. These devices have also been used beyond Northern Ireland and the widely publicized incident at the Olympic Games in Atlanta, Georgia, USA in 1996 was due to the explosion of a pipe bomb. In this incident one woman died, a Turkish cameraman suffered a fatal heart attack subsequent to the blast, and 112 people were injured. 4 We review the technical aspects of pipe bomb construction and the 4 fatalities associated with their use in Northern Ireland, with particular emphasis on the important contribution of the forensic pathologist in determining the circumstances surrounding death and the typical pattern of injuries inflicted by their detonation.
TECHNICAL CONSIDERATIONS
Pipe bombs are improvized devices and their design may vary widely. As their name would suggest, the central component is an explosive-filled pipe which is usually metallic and sealed at both ends ( Fig. 1 ). After explosive is packed into the device, a layer of insulating material is normally sandwiched between the explosive and an end-cap containing the detonator. This prevents premature detonation if a metallic screw cap is threaded onto the open end. The detonator may consist of fuse wire entering the device via a hole in the end cap or be a more elaborate electronically controlled timer.
The quantity and type of explosive employed is at the whim of the perpetrator. Consequently, it is inappropriate to be didactic regarding the outputs of the pipe bomb improvized explosive device: blast, fragments, and heat. However, there are general principles that can offer some guidance regarding their threat.
The spatial distribution of fragments from any device designed to fragment by internal detonation is dependant upon its shape, construction, orientation, and the location of the detonator. With regard to the pipe bomb, the majority of fragments are propelled in large arcs laterally, ie, normal to the long axis of the device. Pipe bombs are frequently sealed with metallic end-caps, such as metal bolts or flat plates, and these large pieces of metal (or fragments of them) are propelled along the axis of the device. Thus fragment distribution around the device is not uniform.
The mass range of fragments from pipe bombs is very large, ranging from tens of milligrams to hundreds of grams, and in this respect they are different from conventional military munitions such as grenades, where fragmentation is controlled either metallurgically or geometrically to result in a consistent fragmentation mass. Although the mass range from pipe bombs is large, the average mass is low (Ͻ0.1 g) demonstrating that the distribution is heavily skewed towards low mass. However, although numerically small, the large mass fragments are a notable threat to personnel. The velocities of fragments are very variable, and reduce rapidly with distance from the device (because of air drag on the small masses). The velocity of large fragments is maintained over extended ranges. The average fragment velocity is about 500 m/s close to the device.
In Northern Ireland, terrorists will often make striation grooves on the body of the pipe bomb to enhance fragmentation effect (Fig. 2 ). Shrapnel may also be added to the device and the type varies widely, presumably dependent on whatever is available to the bomb-maker. It has included coins, nuts, bolts, and ball bearings.
Most pipe bombs contain relatively small quantities of explosive and the blast overpressure output is low, compared with conventional munitions of similar size. The "average" device in Northern Ireland has contained approximately 250 to 300 g of low order explosive, usually gunpowder from garden fireworks or propellant from shotgun cartridges. The fireball produced from a pipe bomb is said to be a few centimeters in diameter.
Although pipe bombs vary in size, they are generally compact devices. This allows them to be easily transported and used. Furthermore, the crude nature of their construction makes it difficult to associate a device, by forensic examination of the exploded components, with a particular bombmaker or terrorist group. These factors have made it a favored weapon of terrorists and others.
TIME INTERVAL BETWEEN EXPLOSION AND DEATH
Four fatalities have occurred in association with pipe bombs in Northern Ireland with a single incident in each year 1998, 1999, 2001, and 2002. Estimation of the exact time interval between detonation and death was difficult in some cases due to the delay in reaching the victim by paramedical personnel. In one incident, it seems that death was rapid (within minutes). In 2 cases, where resuscitation was performed, death was confirmed by a doctor almost 1 hour and 3 1/2 hours later. One victim underwent neurosurgery and died in the intensive care unit from pneumonia and diffuse alveolar damage about 1 month after sustaining injury.
CLOTHING OF THE VICTIMS
Clothing worn at the time of death was present on 2 of the bodies at the time of autopsy, having been removed in hospital in the remaining cases. It was soiled with soot and blood and bore debris or small bomb fragments.
IDENTIFICATION OF THE VICTIMS
Visual identification was possible in all cases. All of the victims sustained head injuries of varying severity ranging from relatively trivial bruising and abrasion to penetrating injuries caused by bomb fragments. However, none of the injuries precluded identification of the facial features. In 2 incidents, there were extensive mangling injuries of one hand but the contralateral limb was intact and available for fingerprinting.
POSTMORTEM RADIOGRAPHY
None of the pipe bomb victims in this series was subject to x-ray or other radiologic investigation after death, principally due to operational restrictions at that time. The authors would advocate the use of postmortem radiography in bomb-related fatalities as best practice in all cases. This might be useful in determining the distribution of bomb fragments within the body and in assisting with their recovery. Radiology is particularly important when improvized explosive devices are more elaborate, such as when electrical timers are incorporated into the bomb mechanism. Under these circumstances, it is conceivable that fragments of the timer may be recovered from the body with the aid of x-rays, thus providing the authorities with an indication of the sophistication of the device and the potential to identify the terrorist group or bomb-maker responsible. 
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INJURIES TO THE VICTIMS

Case 1
This victim was a 16-year-old male. There was mangling of his right wrist and hand with most of the right hand having been raggedly amputated. The wound exposed the fractured lower ends of the radius and ulna, a few of the carpal bones, phalanges, and the lacerated tendons ( Fig. 3) . There was also a ragged vertical laceration, 13 cm long and gaping by up to 3 cm, on the back of the scalp. The wound exposed the underlying blackened and fractured skull and the lacerated brain (Fig. 4) . The fracture involved the right half of the occipital bone and extended downwards and forwards to the foramen magnum and upwards into the right parietal bone. Its margins were slightly inwardly beveled. The fracture was associated with significant injury to the subjacent brain including extensive cortical bruising and laceration involving both occipital lobes and the right half of the cerebellum. Spicules of bone were found within the lacerated brain. There were a number of other injuries including a laceration, 2 cm long, on the left temple, bordered above and below by bruising, some of which had a slight petechial pattern reproducing the texture of fabric.
Case 2
The victim was a 59-year-old female. There was singeing of the hair on the scalp and slight singeing of the left eyebrow and eyelashes of the left eyelids, due to the effects of heat emanating from the device. The left hand was badly mangled and the thumb partially avulsed exposing the lacerated muscles, the tendons, and the phalanges (Fig. 5) . The skin of the left hand bore black sooty soiling. There was also some fine stippling, caused by confluent bruises and abrasions on the radial border of the right wrist and right hand. Explosion injuries were present on the face, with uniform punctate bruising and abrasion and sooty soiling on the left side of the forehead, cheek, and chin. The lower one third of the left cheek overlying the lower jaw was virtually spared of injury (Fig. 6 ). Further areas of punctate bruising and abrasion were located on the front of the left shoulder and extended onto the upper left front of the chest, where a bomb fragment had penetrated the chest cavity via a laceration just below the left collarbone. This injury was oval in shape, 6 cm long and gaping by up to 2.5 cm. The wound extended deeply Home-Made Pipe Bombs and penetrated the pleura via the first intercostal space on the left side and caused a fracture of the second rib. The fragment had lacerated the upper lobe of the left lung and the aorta. It had caused a tear, 3 cm long, partially through the wall of the ascending part above the left coronary cusp of the aortic valve and a further tear through the wall of the descending thoracic part, 2 cm distal to, the origin of the left subclavain artery (Fig. 7) . The left pleural cavity contained 1300 mL of blood.
Case 3
This was a 19-year-old male. The triad of lesionspunctate bruises, abrasions, and puncture lacerations-typically seen in explosion victims, were distributed within a horizontal band, 8 cm wide and 14 cm long, across the midportion of the face. This extended from just above the eyebrows to the level of the nostrils. His left clavicular region had been transfixed from front to back by a curved irregular strip of metal ranging from 1.7 cm up to 4 cm in width (Fig. 8 ). Anteriorly this had produced a slit in the skin, 3 cm in length, at the base of the neck. Dissection revealed that the clavicle had been divided close to its medial end. The left subclavian vein had been completely transected at its confluence with the brachiocephalic vein and there was a full thickness laceration of the left subclavian artery on its superior border. In addition, there was a fracture of the vertebral attachment of the first rib on the left side, the left sternocleidomastoid muscle had been lacerated, and the tendon of the left omohyoid muscle had been divided. This same victim also sustained a gaping laceration, 14.5 ϫ 9 cm, on the medial aspect of the left foot and ankle which raised a flap of skin and exposed mangled muscle and extensive comminuted fracturing of metatarsal and tarsal bones (Fig. 9) . The bomb fragment causing this wound was a distorted strip of gray metal measuring 21 ϫ 2 cm, and was found protruding from the left shoe which it had penetrated to injure the foot.
Case 4
This man was 30-year-old. His injuries were modified by surgical treatment and by the effects of healing. A bomb fragment or fragments had caused fractures of the right zygomatic bone and arch, the right maxilla, and supra-orbital ridge and had produced defects in the eye socket. Examination of the brain after formalin fixation revealed marked disruption of the right cerebral hemisphere with extension 
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Interpretation of Injuries
Extensive tissue destruction was seen in areas closest to the effects of the blast. In the first victim, there was mangling of the hand and a soiled laceration on the back of the head indicating that this young man was holding the device in his right hand which was raised behind his head when it exploded. It would suggest that he was in the process of throwing the pipe bomb. The history indicated that it was suspected that the individual seen about to throw the pipe bomb had been wearing a balaclava on his head but no such item of clothing was found on this victim. Nevertheless, petechial bruising, reproducing the texture of clothing was noted on his left temple and this supported the contention that he was wearing a balaclava. The overall pattern of injuries in this case lent support to the proposition that he was a protagonist in the civil unrest rather than an innocent bystander who discovered the device by chance.
The second victim also sustained injuries to her left hand. The triad of explosion injuries was present on the left side of the face but the lower jaw was spared of injury probably by the protective effect of the collar of her quilted housecoat which bore heavy sooty soiling in this region. However, the coat provided no protection from a larger fragment of the bomb, which lacerated the skin just below the left clavicle and penetrated the chest cavity to lacerate the left lung and the aorta in 2 places. The distribution of injuries was consistent with the history provided by an eyewitness who stated that this woman was in the process of carrying the device from her home when an explosion occurred. It had been thrown through the window of her house during a period of sectarian unrest. The pattern of injuries indicates that she was holding the device in her left hand, close to the left side of her chest when it exploded. She had been an innocent victim.
The third victim also bore explosion injuries distributed within a horizontal band across the midportion of the face. These injuries indicated that his face was relatively close to Home-Made Pipe Bombs the explosion and suggested that both the upper part of the forehead and lower part of the face were protected to a degree by clothing such as a scarf over the mouth and a hat or cap on the head. However, there were long lacerations on the lower part of the face, probably caused by larger fragments of shrapnel with higher kinetic energies penetrating the clothing to injure the skin. A large strip of metal had transfixed the left clavicular region and had transected the left subclavian vein and lacerated the left subclavian artery. Taken together with the mangling of his left foot, this pattern of injuries indicates that he was crouched over the pipe bomb, which was probably on the ground near his foot, when it exploded.
In the final case, the injuries documented at autopsy had been modified by healing and surgical intervention, the victim having died in hospital some time after the event. There were fractures of the facial bones around the right eye socket, loss of the right eye, and the bomb fragment had caused disruption to the underlying cerebral hemisphere. The pipe bomb is believed to have exploded, by witness accounts, about 10 feet in front of him. He was a member of the security forces on duty during a period of civil disturbance. He was wearing protective clothing and holding a riot shield. Examination of the riot shield revealed a single small defect which may have been caused by the fragment of shrapnel which entered his cranial cavity. No other explosion injuries were present at the time of the autopsy.
CONCLUSIONS
Pipe bombs are crude explosive devices which are increasingly employed by terrorists and others due to the simplicity with which they may be constructed. In Northern Ireland, they have caused 4 deaths and the majority of these have been due to the effects of penetrating shrapnel injuries to the chest or head. In 2 cases, this involved laceration of the great vessels. In one case where the fragment of shrapnel was recovered from the chest, it was found to be a large strip of metal up to 4 cm in width. The ability of fragments of the pipe bomb to maintain high velocities over an extended range was illustrated in the case of one victim who was about 10 feet from the explosion. This fragment may have penetrated a riot shield before striking the victim in the head.
In addition to determining the cause of death, the pathologist was able to determine the position of the victim in relation to the explosion by interpreting the distribution of injuries. This proved useful in corroborating the accounts of eyewitnesses, by suggesting the fatal sequence of events and by providing other information of use to the legal authorities. Of the 4 victims, it seems likely that 2 were involved in the use, construction or transport of the pipe bombs. This illustrates the inherent instability and danger of these improvized devices which are prone to premature or noncontrolled detonation. Further research is warranted to improve the design of protective equipment distributed to security personnel.
A number of the cases illustrated were high-profile and contentious deaths in a society with deep sectarian divisions. Pathologists who deal with the aftermath of terrorism must be fully aware of the background against which they work and must conduct their examination in a detailed and impartial manner. They must be acutely sensitive to the likelihood of rumor, allegation and counter-allegation and must attempt to set these factors aside, using their findings solely to assist in determining the exact circumstances of each incident.
